A considerable amount of effort has been focused on the development of efficient catalysts for the synthesis or modification of complex molecules. Two methodologies have, in general, been applied in these endeavours: protein-and synthetic ligandbinding catalysts. T o attack such problems, we have recruited antigen-induced catalysts from the immune system [ 13. These catalytic antibodies or 'abzymes' as they have been termed have generated an avalanche of 'forecasts and predictions' about their future applications, because, in principle, their only limitations are the designer's creativity and one's ability to access the repertoire of the entire immune system. Keeping these so-called predictions in mind, we have sought out a truly formidable test for our de nono catalyst programme: the creation of catalytic antibodies that have no enzymic o r synthetic catalyst equivalent (see [2] for an account of our previo'mly described work).
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Catalysts for ring-forming reactions
Ring-forming reactions are important and common processes in organic chemistry. Almost 20 years ago, J. E. Baldwin supplied a specific set of 'favoured and disfavoured' rules for certain closings of 3-7-membered rings [3-51. The physical basis of these guidelines was formulated based on the stereochemical requirements of the transition states for the various ring-closure processes, with favoured pathways being those in which the length and nature of the linking chain enable the terminal atoms to achieve the proper geometry for reaction, and disfavoured cases requiring severe distortion of bond angles. Many cases in the literature are in substantial accord with Baldwin's rules, both experimentally and theoretically [3-61. The skeletal structures of a number of bioactive marine natural products are found to contain 0-heterocyclic rings [7- 91. Of particular importance are the ubiquitous tetrahydropyrans, towards the synthesis of which much work has been done [ 10-121. One attractive strategy reduces to a regioselective 6-endo-tet ring opening of an epoxide by an internal nucleophilic oxygen (Scheme 1). However, conventional considerations (Baldwin's rules) suggest that the 5-exo-tet mode of cyclization is the preferred pathway (Scheme 1). Indeed, experimental evidence confirms this, since the tetrahydrofuran system is the product that is observed exclusively. A specifically tailored catalytic antibody could provide a means for obtaining the desired, yet disfavoured 6-endo-tet adduct. Hence, a catalytic ..
regiocontrolled detour, and thus a possible general methodology for the rerouting of disfavoured ringclosure reactions.
The concept on which we relied to achieve this selectivity is shown in Scheme 1, which depicts a scenario of an acid-catalysed cyclization of hydroxyl epoxide 1. Based on our 'bait and switch' principle [ 131, the problem reduces to the design of a hapten that could induce a regiospecific, negatively charged, participatory amino acid in the binding pocket of an antibody. According to this concept, a negative charge when strategically placed adjacent to the epoxide unit should act as a selective stabilizing element for the C-0 bond as it breaks. In this scenario, endo ring closure would proceed to produce the so-called disfavoured heterocycle 5, via transition state 3, in which the developing electrondeficient orbital on carbon atom 6' would be stabilized by the negatively charged amino acid moiety. The alternative pathway of exo ring closure, leading to the smaller ring 4 and proceeding via transition state 2, in which the incipient positive charge would accumulate on carbon 5', would be expected to be less favoured by the antibody. While we have shown that there is an acid-induced ring closure, for 2 or 3 (Scheme l), a base-induced antibody ring closure would also be expected to lead selectively to endo product 5 rather than the exo product 4, as can be deduced by analogous arguments. It should be stressed that an acid-or base-initiated ring closure is of little consequence. The main point is that in the absence of a regioselective antibodystabilizing element, ring closure will lead to the Baldwin-predicted product.
Hapten 6, (Scheme 1) was designed in accordance with the concepts described above. It possesses the required regiospecific cationic charge, which should induce a complementary negative charge in the binding pocket of the antibody. Of further merit is the negatively charged oxygen atom. This anionic atom may also induce participatory amino acid residue(s) that may assist in the acidcatalysed ring opening of the epoxide. Lastly, such a multicharged hapten may facilitate product release. N-oxide 6 was coupled to keyhole limpet haemocyanin (KLH) and the conjugate was used to immunize 129 IX+ mice for production of monoclonal antibodies [ 141; and from this process a total of 26 hybridomas were obtained. All 26 of these highly purified antiodies at a concentration of 20 pM were initially screened against racemic epoxy-alcohol l b (1.2 mM) in an aqueous assay system (50 mM Pipes, pH 6.5), and the formation of the products racemic tetrahydrofuran 4b and tetrahydropyran 5b was monitored by reverse-phase h.p.1.c. chromatography. In our study, two of the 26 antibodies were identified as regioselective catalysts for the formation of 5b. These two antibodies (26D9 and 17F6)
were tested further for their potential stereospecificities in separate experiments using a normal-phase h.p.1.c. column of chiral preparation. Under these conditions both enantiomers of l b were separable, as were both pairs of stereoisomers of 4b and 5b. Again, racemic epoxy-alcohol l b was used as the substrate, however, now a 95% (v/v) hexane/5% Pipes buffer solution was used as the assay medium [ 151. From these two hybridomas, abzyme 26D9 was deemed to be the most stereoselective. Quite amazingly, it used only one of the two enantiomers of lb and thereby selectively forms only one of the two stereoisomers of 5b. Because of the remarkable regio-and stereo-selectivities of 26D9, further kinetic studies were performed.
The initial rate of ring closure using abzyme 26D9, measured as a function of substrate l b con- Thus, an unprecedented achievement in de nova catalyst procurement has been accomplished, as we have created catalytic antibdies that have no enzymic or synthetic equivalents. The novel properties of the abzymes generated in our study are their ability to catalyse a highly disfavoured chemical process, while also providing a chiral environment for the kinetic resolution and processing of the stereochemically impure molecules encountered in the reaction. This latter ability was fortuitous due to the stereochemical segregation process inherent in the immune system. [20] in organic solvents it is critical to understand their 'abzymology' when they are subjected to these unnatural environments. It has been shown that an antibody can catalyse a hydrolysis reaction in a reverse micelle [21] . However, there have been no reports of abzymes functioning at an aqueous-organic interface or in low-water-containing media. Previously, we studied a set of antibodies that stereoselectively hydrolysed either the ( R ) or the ( S ) enantiomer of an alkyl ester to its acid and a-methyl benzyl alcohol components [22] . One of these abzymes (PCP 21H3 rob 0 -NHCOCH, (1)
Abzyme-catalysed reactions in organic so Ive n ts
It was soon determined that octane (log P = 4.5, where P is the partition coefficient between 1-octanol and water) [24, 251 is an excellent solvent system for the catalysis by the abzyme. A typical assay system consisted of a lyophilized sample of 0.6 mg of 21H3, which was suspended in octane containing a proportion of water. The reaction was initiated by the addition of (S)-alcohol 7 and vinyl ester 8. Steady-state kinetics were observed when a 4% (v/v) water addition was made (K,,, (alc(,h(,l) = 2. The aqueous-organic biphasic assay conditions had no effect on the mechanism of action or stereoselectivity of the abzyme, however, a sizeable decrease in the Michaelis constant for the vinyl ester was observed. Such differences may be explained in part by the partitioning of the vinyl ester 8 between the bulk solvent phase and the biocatalyst phase [27] . A comparison of the apparent second-order constant (k,,, I&,), the so-called specificity term 1281, between these two assay systems show that there were no deleterious effects.
What was most intriguing was that the (kca,/K,,,) of the vinyl ester was improved by almost an order of magnitude in going from the aqueous to the biphasic solvent system. T o get an idea of the potential utility of this biphasic process we performed the following experiment. Octane was added to a lyophilized sample Volume 
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Abzymes of 21H3 ( 2 x lo-' mol). T o this suspension was added 5% (v/v) water, 2% (v/v) chloroform, 7 (1 mM), and 8 (1 mM). The reaction was monitored over time. After 6 h the reaction had slowed considerably; however, over 5 x lo-' mol of 9 had formed corresponding to a 50% yield and over 250 turnovers. The shortcoming lies in the fact that 9 is rather hydrophilic and tends to partition into the aqueous layer causing product inhibition. It is anticipated that reactions with less hydrophilic products will provide more favourable yields.
It has been shown previously that enzyme specificity and reactivity are related to the hydrophobicity of the organic solvent used as the reaction medium [ 16, 17, [29] [30] [31] [32] . We determined the initial reaction velocities of the 2 1H3-catalysed reaction in a number of organic solvents (Figure la ). An Conditions: in ( a ) initial rates were all measured using 8 mM 7 and I mM 8 with 4% (viv) water. The solvents used were as follows: I, ethyl aetate; 2, propyl acetate; 3, chloroform; 4, carbon tetrachloride; 5, pentane; 6, cyclohexane; 7, hexane; 8, heptane; 9, octane; and 10, nonane. In ( b ) the bulk solvent used was octane. Initial rates were measured using 8 mM 7 and I mM 8 while varying the proportion of water present. The Enzyme-catalysed esterification and transesterification reactions may be carried out either in monophasic, nearly anhydrous organic media [ 16, 171 or, as we have described, in an aqueous-organic biphasic system. Although published experimental procedures give no clear indication as to the optimal amount of exogenous water to be added to the organic solvent, there is a consensus that some water is absolutely needed for the catalytic function of the enzyme [35, 361 . We have investigated the water requirements of the abzyme 21H3 in our octane assay medium (Figure lb) . To take full advantage of the optimal rates of reaction of the immunoglobulin (using 0.6 mg of antibody), a water concentration of approx. 15% (v/v) was needed. Nevertheless, excellent catalytic activity was still observed as low as 2% (v/v) water addition, and abzyme activity could still be detected in 0.12% (v/v) water. Finally, it is interesting to note the hyperbolic curve obtained in Figure 1 (b) . From this plot it is reasonable to infer that water is affecting the kinetics by specific interactions with the catalytic antibody. In this case, water acts as an activator; hence, a saturation curve was observed.
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Generating antibodies by cloning the immunological repertoire
It has been demonstrated that antibodies can be given the catalytic abilities that are intrinsic to enzymes by hyper-immunization of mice with haptens that mimic stable representations of the transition states of selected reactions (see [37] [38] [39] [40] and references therein). The successful generation of the catalytic antibodies depends on insight into the mechanism of the reaction to be catalysed, the synthesis of a hapten and the induction of a panel of hapten-binding antibodies. While the first two manoeuvres are well within the range of most chemists, the method by which monoclonal antibodies are produced currently is not a procedure that is easily adapted to most chemical laboratories.
To overcome this problem, we have developed procedures for cloning the immunological repertoire into Escherichziz coli [41, 421 . In principle, these methods can vastly increase the number of different antibodies that can be studied and in many cases can even bypass the need for immunization [4 1 -44] . However, before these procedures can be adopted generally, it remained to be demonstrated that one could obtain catalytic antibodies from comAn Fab combinatorial library in phage 1 was generated (one heavy and one light chain that make up a single antibody combining site) [42] from the spleen of a mouse immunized with phosphonamidate 10 ( Figure 2 ) conjugated to KLH. The library was screened for binding to 10 conjugated to BSA. A total of 22 phage clones were isolated that bound to 10. Purified Fabs from six of these clones were assayed for catalytic activity, and three were found to be active in hydrolysis of the substrate 11 ( Figure 2) .
To obtain enough antibody to carry out kinetics studies, we expressed one clone (1D) in the baculovirus expression system [45-5 11 . By transferring the antibody-encoding genes into insect cells, we increased the expression level approx. tenfold from > 0.5 to 5 mg/litre. This increase in yield allowed us to obtain enough antibody for rigorous purification and kinetic characterization. The cellline producing the greatest amount of this Fab, as judged by the intensity of the e.1.i.s.a. signal, was selected, amplified and used for large-scale expression. The purified Fab 1D was judged to be > 95% pure, as determined by silver staining of SDWpolyacrylamide gels, and cross-reacted with anti-murine Fab and anti-K antibodies on Western blots (results not shown). Control cells infected with wild-type virus and uninfected cells did not yield protein bound to the 10-BSA conjugate. Antibody activity was measured by monitoring the release of p-nitrophenol by absorbance at 404 nm. Assays were performed in PBS (10 mM sodium phosphate, pH 7.2, 160 mM NaCl) contain-
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binatorial libraries. The gene encoding this antibody was sequenced (results not shown) and found to differ from genes encoding catalysts that had been isolated previously (10-KLH was again the immunogen) from our laboratory by conventional hybridoma procedures [52] . Furthermore, 1D did not hydrolyse amide l l a (Figure 2) , unlike some other antibodies we isolated previously [52] . Nevertheless, hapten 12 ( Figure 2 inhibited by the addition of 1 pM 3 in the presence of 150 pM substrate 2b.) Potent inhibition by the immunogen has been observed with other catalytic antibodies [52] .
We have isolated a catalytic antibody by cloning the immunological repertoire of a hyperimmunized mouse into phage 1 [42] . While early combinatorial antibody libraries, including the one studied here, used an immunization procedure, these methods are rapidly being replaced by semisynthetic libraries [43, 441 . Such libraries can provide a uniform and reproducible source of antibody molecules as starting materials. We envision that future catalytic antibody experiments will begin with the screening of either immunized or semisynthetic combinatorial libraries for binding to selected haptens. Once catalysts are found, their rates and substrate specificities can be altered by mutagenesis or genetic selection procedures.
